OBJECTIVES: Pathological vessel invasion is a well-known prognostic factor in early-stage, non-small cell lung cancer and preoperative predicting vessel invasion may enable us to improve prognosis by additional interventions. We evaluated the importance of vessel invasion as a prognostic factor in clinical stage IA non-small cell lung cancer and predictive performance of simple diameter-based computed tomography image analysis for vessel invasion.
INTRODUCTION
The 5-year survival rate of clinical and pathological stage IA nonsmall cell lung carcinoma (NSCLC) is 50 and 73%, respectively [1] . The high recurrence rate of NSCLC, even in the early stage, accounts for this poor outcome. As a prognostic factor in stage IA NSCLC, pathological vessel invasion is well recognized [2] [3] [4] . If we could predict vessel invasion preoperatively, we may be able to identify the high-risk group for recurrence before surgery. Some studies have shown that preoperative computed tomography (CT) findings reflect vessel invasion [5] [6] [7] [8] [9] [10] [11] : tumours with a smaller proportion of ground-glass opacity tend to have a greater degree of vessel invasion. Therefore, in this study, we evaluated the importance of pathological vessel invasion as a prognostic factor for the recurrence in clinical stage IA NSCLC and the predictive performance of a high-resolution CT (HRCT) image analysis for vessel invasion when using a receiver operating characteristic (ROC) analysis. In terms of HRCT image analysis, we emphasized simplicity, objectiveness and consideration of the distortion characteristic of the tumour.
MATERIALS AND METHODS
Three hundred and ninety-eight patients diagnosed as clinical stage IA NSCLC who underwent elective surgery in our hospital during the period between May 1999 and December 2009 were enrolled. Lung tumours diagnosed as metastases from other primary sites by pathological examination (i.e. immunostaining, absence of bronchioloalveolar carcinoma component, etc.) were excluded. The median follow-up time was 30 months (range: 0-129 months). The clinical and pathological staging was based on the 7th edition of the TNM classification of the Union for International Cancer Control. We reviewed the clinical records of all of these patients. Before the study, the Research Review Board at our institution examined and approved the research protocol in accordance with the Declaration of Helsinki. All patients provided their written informed consent for review of their medical charts before surgery.
Resected specimens were examined by haematoxylinand-eosin and Elastica van Gieson stains and then reviewed by pathologists to evaluate the histological type, the extent of lymph node involvement and the existence of vessel invasion. If there were tumour invasions into lymphatic vessels and/or blood vessels, vessel invasion was considered to be present.
Sub-analysis materials and methods
Patients with an adenocarcinoma were enrolled for sub-analysis. We used thin-slice HRCT images (2.5-or 3.0-mm section thickness) taken just before surgery. HRCT images taken in our hospital were all preserved in Digital Imaging and Communications in Medicine format and reviewed on our hospital computing systems.
The protocol for HRCT images analysis is as follows:
(i) Select a slice that maximizes the tumour diameter in the lung window (window level: −600 Hounsfield Unit (HU) and window width: 1500 HU). 
An example of the way to measure M and L is shown in Fig. 1 . These measurements were performed by two independent blinded observers (A.T. and M.M.), and a mean value of M/L ratio was used for the ROC curve analysis. In this protocol, we defined consolidation as the area that could be recognized in the mediastinal window and ground-glass opacity as the area that disappeared as the CT window setting was changed from the lung window to mediastinal window.
Statistical analysis
We defined the endpoint as recurrence or metastasis. The t-test and χ 2 test were used to compare the proportions between the groups. In univariate analyses, the recurrence-free survival rate was calculated by the Kaplan-Meier method, and the survival curves were compared between the groups with the log-rank and Wilcoxon tests. The following grouping factors were adopted: age, sex, smoking history, preoperative serum carcinoembryonic antigen (CEA) level, types of surgical procedures undergone, preoperative comorbidities [diabetes mellitus (DM), interstitial pneumonia, autoimmune disease, history of other malignancies, peripheral vessel disease, neurological disease, chronic kidney disease, obstructive pulmonary disorder and restrictive pulmonary disorder] and vessel invasion. Variables that showed a statistically significant difference in the univariate analyses were entered into multivariate analysis. In the multivariate analysis, the Cox proportional hazard regression with the stepwise method was used to identify the independent prognostic factors for recurrence and to estimate their hazard ratios (HZs) with a 95% confidence interval (CI). In the sub-analysis, an inter observer agreement of M/L ratio was quantified as the intraclass coefficient. The predictive performance of M/L ratio for vessel invasion was evaluated by the ROC analysis, and the area under the curve (AUC) was calculated. In all tests, a P-value of <0.05 was considered statistically significant. All statistical analyses were performed with Stata 11 (StataCorp LP, TX, USA).
RESULTS

Clinical and pathological patient characteristics
The clinical and pathological characteristics of all patients are summarized in Table 1 . This study included 398 patients with a median age of 68. The preoperative level of CEA was elevated (>5.0 ng/ml) in 127 patients (33.9%). An adenocarcinoma was the most common [262 patients (65.8%)]. The most frequently performed procedure was lobectomy with a systemic node dissection [280 patients (70.4%)]. The most common pathological stage was IA (74.6%). Vessel invasion was seen in 108 patients (27.1%). There were 68 recurrences or metastases (17.1%).
Prognostic factor analysis
The results of the univariate analyses are summarized in Table 2 . As statistically significant recurrence prognostic factors, the univariate analyses detected sex (log-rank test: P = 0.048), high level of preoperative CEA (P < 0.001), history of other malignancies (P = 0.006), interstitial pneumonia (P = 0.003) and vessel 
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T. Ito et al. / Interactive CardioVascular and Thoracic Surgeryinvasion (P < 0.001). Figure 2 shows the recurrence-free survival curves with and without vessel invasion. The 5-year recurrencefree survival rates of patients with and without vessel invasion were 84 and 58%, respectively. We chose the five prognostic factors detected in the univariate analyses as covariates in the multivariate analysis. The multivariate analysis revealed that vessel invasion, high level of preoperative CEA and history of other malignancies were independent prognostic factors; the HR was 2.98, 2.45 and 1.94, respectively (Table 3) .
sub-analysis of the correlation between preoperative high-resolution computed tomography findings and vessel invasion in patients with an adenocarcinoma
In the sub-analysis, 182 patients with an adenocarcinoma were enrolled. Eighty patients with an adenocarcinoma were excluded because their preoperative HRCT scans were performed in other hospitals and there were no appropriate HRCT images that we could analyse in our computing system. In measurements of M/L ratio, a good inter-observer agreement (intra-class coefficient: 0.82, 95% CI: 0.77-0.86) was obtained. The results of the ROC analysis are shown in Fig. 3 . The AUC was 0.75. We adopted 0.67 as the cutoff value for M/L ratio because this point maximized the 'sensitivity false-positive rate'. At this point, the sensitivity and specificity was 75 and 72%, respectively. Figure 4 shows the recurrence-free survival curves for the groups with M/L ratio 0.67 or more and less than 0.67. There was a significant difference between the two curves (P = 0.004).
DISCUSSION
Pathological vessel invasion showed the greatest impact on prognosis of recurrence in clinical stage IA NSCLC, as reported previously [2] [3] [4] . This study also identified the high level of preoperative CEA and the history of other malignancies as independent prognostic factors for recurrence. Elevated CEA may reflect the invasiveness of the tumour, as shown by some previous studies [10, 12] . In contrast, few reports detected the history of other malignancies as a prognostic factor. It may be because the history of other malignancies was not initially adopted as a variable for the analysis in most of the studies.
In the sub-analysis, we defined the population as patients with an adenocarcinoma, because we thought that if several histological types were involved, the correlation between CT findings and vessel invasion might become vague. Preliminarily performed prognostic factor analyses limited to patients with an adenocarcinoma also confirmed that vessel invasion was the strongest prognostic factor (HR: 2.87, 95% CI: 1.63-5.03).
One-dimensional analysis using diameters as indicators of the size of consolidation and the tumour has a great advantage in terms of simplicity. Austin et al. [13] defined ground-glass opacity as the area showing hazy, increasing attenuation with the preservation of bronchial and vascular margins. Some researchers have pointed out that this visually-based definition is not objective [9] . To obtain objectivity, we changed the CT window to predetermined setting to distinguish between ground-glass opacity and consolidation, as reported previously [7, 9, 10, 14] , and the good inter-observer agreement of M/L ratio was obtained in the study. To our knowledge, there are few studies in which variability in the location of consolidation was considered and quantified. Consolidation is not always located in the centre of the tumour, and ground-glass opacity also does not always distribute equally around consolidation. We adopted the definition of M to reflect the difference in the position of consolidation on L. If consolidation lies distant from L, M tends to become smaller.
For one-dimensional analysis, Ohde et al. [8] used Cd max /T d (Cd max : the greatest diameter of consolidation of all slices; T d : the greatest diameter of the tumour on a particular slice) to predict vessel invasion (without changing the window setting). With this approach, the AUC was calculated to be 0.71 (calculated on the basis of given data). M/L ratio may not be so different from Cd max /T d in terms of the predictive performance, and Cd max was possibly approximated with M.
Tateishi et al. [11] performed volumetric analysis and examined the predictive performance of the volume occupied by non-solid components for vessel invasion. The AUC was 0.93 (95% CI: 0.90-0.96). Because simplicity is a great advantage of one-dimensional analysis, we believe that the one-dimensional approach could be acceptable in clinical practice at this moment. If the future innovation in computing technology will provide us with an easier access to three-dimensional analysis, the volumetric approach will become the mainstream in terms of accuracy.
Preoperative tumour biopsy and pathological evaluation are still the gold standard in outlining individualized treatment and management with a specific tumour diagnosis. However, other additional therapy may be necessary to improve the prognosis of patients with vessel invasion. M/L ratio may represent one criterion for determining whether the patients should undergo additional intervention preoperatively.
Limitations of this study
In the sub-analysis, 80 patients without HRCT images were excluded. There was no statistically significant difference between the recurrence-free survival curves between the groups with and without HRCT images (P = 0.759) or the distribution of vessel invasion in both groups (P = 0.196). However, there was a significant difference in the mean follow-up time (37.6 vs. 58.9 months, P < 0.001). In this study population, patients who underwent surgery early in the observation period tend not to undergo HRCT at our hospital; this would affect the difference in the mean follow-up time. There is a possibility that and this difference in the follow-up time may have produced selection bias.
The window settings used in this study are preset in our hospital's computing system. Although these values are not much different from the values used in other studies, the most appropriate window settings remain a matter of research.
We focused on the distortion characteristics of the tumour and defined M as described, but further examination will be required to determine how much distortion characteristics contribute to the predictive performance. In the groups with similar values of M/L ratio, examining the distances between the centre of the tumour and the centre of consolidation as well as analysing the correlation between the distance and vessel invasion may help us to quantify the contributing rate of distortion characteristics. In this analysis, the population of this study was small and a much larger study population is needed for a more statistically accurate analysis.
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